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Abstract 
Active research on the thermochemical Cu-Cl cycle is providing a promising potential for sustainable hydrogen 
production. The thermal efficiency of the hydrolysis reaction can drastically influence the viability and cost of the 
cycle. In the Cu-Cl cycle, the extent of the hydrolysis reaction has a major effect on cycle efficiency. Un-reacted 
superheated steam is difficult to efficiently separate from the gaseous reactor product, potentially dissipating a 
significant amount of thermal energy. In this paper, the upper limit of steam conversion in a copper (II) chloride 
reactor is investigated and new experimental results are presented. The experimental apparatus is designed to provide 
superheated steam, at 375°C, to excess CuCl2 and provide sufficient reaction time to approach the steam conversion 
limit. This is achieved by introducing a low steam flowrate to a packed bed reactor with six meters of packing solids. 
Variable reaction temperature, residence time, and flow rate are investigated for their effect on reaction extent and 
chemical kinetics. This research provides useful new data to effectively design and integrate a Cu-Cl hydrogen 
production cycle. 
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1. Introduction 
Thermochemical hydrogen production can provide a sustainable contribution to the supply of hydrogen 
generation, while reducing our dependence on fossil fuels, particularly if the cycle can be coupled with a  
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Nomenclature 
 
G Gibbs free energy, kJ/mol 
K constant 
M molar mass, kg/mol 
N number of moles 
p pressure, Pa 
Q quotient 
RH relative humidity 
T temperature, °C 
 
Greek 
ξ steam to copper ratio 
ρ  density, kg/m3 
 
Subscripts 
e equilibrium 
H humidifier 
R reaction 
T total  
 
renewable heat source. This is an area where the lower required temperature of the Cu-Cl cycle is 
particularly attractive [1], because it can be more readily combined with solar [2], geothermal [3], or 
waste heat sources [4]. Through a cost analysis [5], it was reported that the Cu-Cl cycle can achieve better 
efficiency than traditional fossil fuel techniques. Furthermore, similar efficiencies are predicted for the S-I 
and Cu-Cl cycles; however, the higher temperature requirements of the S-I cycle limit the available heat 
sources.  
 
Table 1: Chemical reactions in the Cu-Cl cycle 
 
Reactor Chemical equation Temperature (°C) 
Hydrolysis   400 
Thermolysis   500 
Electrolysis   100  
 
As presented in Table 1, recent progress towards developing an integrated Cu-Cl cycle is focused on three 
chemical reactions that can be continuously re-cycled. Past research of the Cu-Cl cycle has shown 
difficulties to directly produce the required HCl concentrations within the hydrolysis reactor [6-8] to 
provide high purity reactants to the downstream thermolysis and electrolysis processes, without energy-
intensive auxiliary processes [9-11]. This issue is the main focus of this paper because if excess auxiliary 
processing is required to integrate the various process of the Cu-Cl cycle, the thermal efficiency, 
sustainability, and affordability will be significantly reduced.  
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2. Packed Bed Hydrolysis Reactor for High Steam Conversion 
 
The reactor is designed to introduce humidified nitrogen to a large mass of CuCl2, to investigate the 
maximum steam conversion in the hydrolysis reaction. As illustrated in Fig. 1, to produce humidified gas, 
nitrogen flows through a piping system that is half filled with distilled water. The piping system is 
emerged in heated water, with temperature controls up to 100C, allowing control of the saturation 
pressure, and thus the density of H2O in the gaseous mixture. The density of H2O ( ) in the flow can 
be calculated by the measured humidity from a humidity sensor positioned after the humidifier [12], 
 
 
(1) 
 
where  and  represent the relative humidity and temperature of the fluid steam exiting the 
humidifier. The molar flow rate of H2O in the reaction stream, , which can be calculated from the 
nitrogen flow rate, temperature and relative humidity, as follows, 
 
 
(2) 
 
 
 
 
Fig. 1. Schematic of a hydrolysis reactor with high residence time and a heated humidifier 
 
 
The presence of copper, iron, and chlorine in the reactor’s gaseous effluent, with negligible quantities 
of copper and iron identified. A chlorine meter measures an appreciable quantity of Cl2, released from the 
undesirable decomposition of CuCl2. During the reaction tests, the flow passes through a scrubber, which 
is filled with distilled water and sodium hydroxide (NaOH) solution, which reacts with the product fluid 
stream, to produce sodium chloride (NaCl). The chloride concentration of the scrubber solution is 
measured from the samples, at periodic intervals, during the reactor operation, and the concentration of 
HCl is determined by the chloride concentration, corrected for chlorine production. During the reactor 
operation, several automated measurements are recorded every 1.6 seconds. Four thermocouples measure 
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the centerline temperature of the reactor interior. The experimentally determined data for , and  
are can be represented in terms of the steam to copper ratio, , 
 
 
(3) 
 
The reaction quotient (QR) can be used to represent the extent of reaction with respect to its chemical 
equilibrium, such that Ke and Qr will be in unity when the reaction reaches equilibrium. The reaction 
quotient can be represented in terms of the reactor pressure and molar quantities of the constituents, as 
follows [13]: 
 
 
(4) 
 
where , represents the molar quantity of nitrogen. The equilibrium constant of the reaction (Ke) can be 
obtained from the Gibbs free energy of the reaction ( ),  
 
 
(5) 
 
were T and R represent the reactor temperature and gas constant, respectively. The Gibbs free energy of 
reaction is represented by the difference in Gibbs free energy of formation of the products ( ) 
and reactants ( ), where the superscript “o” means the standard state. With the above 
formulation, the experimental results can be effectively presented and compared with theoretical data. 
The new for data for , and , and QR is provides important insights into the conversion 
effectiveness of the reactor. 
 
3. Steam Conversion with High Residence Time and a Heated Humidifier 
 
In this section, the conversion extent and steam to copper ratio of the hydrolysis reactor are presented. 
During the hydrolysis tests, a nitrogen flow rate of 6 LPM is maintained. Before entering the reactor, N2 
is humidified to between 90% and 95% relative humidity. As illustrated in Fig. 2, a heated humidifier has 
a significant impact the density of H2O in the gaseous flow into the reactor, compared to a humidifier 
operating at ambient temperatures. The data point at 60°C is the average value from 3 tests, and each data 
point at 45°C is from the average of 2 tests. 
During preheating the chlorine production increases to 0.13% (volumetric) at 380°C. To calculate the 
HCl production a chlorine fraction of 0.13% is maintained. The experimental reaction quotient constant is 
compared with the equilibrium constant (calculated from the Gibbs reaction energy) in Fig. 3. The data 
points from a H2O density of 140 g/m3 is the average value of 3 tests, and each data point at H2O density 
of 80 g/m3 is from the average of 2 tests. The equilibrium constant provides key new information for 
integrating the hydrolysis reactor with the CuCl / HCl electrolyzer, reducing the steam requirement of the 
reactor and significantly improving the Cu-Cl cycle efficiency. 
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Fig 2. Density of H2O vapour in the gaseous reactant 
 
 
 
Fig. 3. Reaction extent and equilibrium in the hydrolysis reactor 
 
A X-ray diffraction (XRD) pattern of the solid products between each section pair provides evidence 
of CuCl2, CuCl, and Cu2OCl2. Portions of the solid reactant still remain (CuCl2), while some has 
decomposed to CuCl, and some has reacted with H2O to produce Cu2OCl2. As presented in Table 2, 
between Sections 1-2, the compound with the best match to the XRD pattern is CuCl, suggesting that a 
significant amount of decomposition has taken place. However, it is likely that the majority of the 
decomposition happened during the long periods of heating and cooling outside of the test, and not during 
the hydrolysis reaction. Also, the best match of Cu2OCl2 to the XRD pattern is obtained between Sections 
1-2. Between Sections 2-3 and 3-4, CuCl2 has the closest similarity to the XRD pattern, with minor 
similarities with CuCl and Cu2OCl2.  
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Table 2. Significant results of XRD analysis for solid products of the horizontal reactor 
 
Between sections Compound Similarity to diffraction pattern (%) 
1-2 
CuCl2 2 
CuCl 47 
Cu2OCl2 15 
2-3 
CuCl2 27 
CuCl 8 
Cu2OCl2 2 
3-4 
CuCl2 44 
CuCl 8 
Cu2OCl2 1 
 
As illustrated in Fig. 4, these results suggest a steam to copper ratio of 2 to 3 is feasible by the packed 
bed reactor to generate HCl and Cu2OCl2. The result is significantly lower than previously reported 
results for a CuCl2 hydrolysis reactor [6-8]. This is a major new breakthrough result in the advancement 
of the Cu-Cl cycle, because it significantly reduces the excess steam requirement of the hydrolysis 
reactor. As a result, in the Cu-Cl cycle, the hydrolysis reactor and electrolyzer can be integrated without 
concentrating the HCl / H2O mixture [9-11].  
 
 
Fig 4. Average steam to copper ratio in the CuCl2 hydrolysis reactor 
 
 
4. Conclusions 
 
This paper presented new experimental results of a CuCl2 hydrolysis reactor. Using humidified 
nitrogen, the reactor achieved high steam conversion efficiencies. The reaction quotient of the 
experiments approached the calculated chemical equilibrium of the reaction, which provides strong 
evidence that high conversion efficiencies can be achieved in a CuCl2 hydrolysis reactor, as needed for 
effective integration into the Cu-Cl cycle for hydrogen production. 
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